The use of rays to construct fields is illustrated by finding the field in the region 3>0 when the field is given on the plane z = 0. This construction is valid for complex rays as well as real ones. The method is applied to a gaussian field in the plane z=0, in which case a gaussian beam results. The calculation involves only complex rays. Exactly the same results are also obtained by applying the method of stationary phase to an integral representation of the field. However, the ray method is simpler than the stationary-phase method, and it is also applicable to problems for which the stationary-phase method cannot be used because no integral representation of the field is known.
It is now rather well known that the rays of geometrical optics can be used to construct an electromagnetic field, and that this field is the leading term in a short-wavelength asymptotic expansion of the exact electromagnetic field.`-3 It is not so well known that geometrical optics can be extended to include complex rays, and that the same construction as is used with real rays yields an electromagnetic field associated with the complex rays. This field is also the leading term in a short-wavelength asymptotic expansion of the exact field. These rays and the field construction were introduced in Ref. 3 and used to find the field on the dark side of a caustic. They have also been used to find the evanescent fields that occur in total reflection at an interface, in refraction shadows, etc.
We shall use complex rays to study the propagation of a beam with a gaussian profile. We shall also study the same beam by using the method of stationary phase to evaluate the integral representation of the field. Both methods yield the same result, as we shall see, and this is another verification of the complex ray method. However, the calculation using complex rays is considerably simpler, which is its advantage in the present case. But its real advantage is its applicability in cases in which no other representation of the field is known.
In the next section, we shall describe the ray method of constructing a field for both real and complex rays. Then, in the last section we shall apply it to a gaussian beam in the half-space z>0, assuming that the field is given on the aperture plane z= 0. In the Appendix, we determine the field in the region z> 0 for any given field distribution on the plane z= 0 by using the method of stationary phase, and show that it always yields the same result as the ray method. For simplicity, we shall consider only a scalar field, which may be a Cartesian component of the electromagnetic field, or a potential.
THE RAY METHOD
Suppose we are given the values of a complex scalar field u(x,y,z) in the plane z= 0 in the form u(x,y,0)=Ao(xy)eik(z1V).
(1)
Here Ao and sp are either real or complex-valued functions of x and y which we shall call the amplitude and phase, respectively. The separation of u into the two factors Ao and eik is unique 4 because Ao is independent of the wavenumber or propagation constant k = 27r/X, whereas the exponent of eik'v is proportional to k. We wish to find the field u in the half-space z> 0 satisfying Eq.
(1) and the reduced wave equation
We suppose the half-space to contain a medium of constant refractive index, unity. In addition, we assume that u is outgoing.
To find u, we introduce a ray through each point I, 1 in the plane z= 0 in the direction of the unit vector fi(%,), ,, ), (1-2f2)1. The ray is a straight line with the parametric equations x= t+ soe,x1)0`, Y= 7+ soj~,7)',
Here, the parameter a-denotes distance along the ray from (Q,-,O) to (x,y,z). Then we define the phase s(xy,z) to be the phase at the point t, q, 0 plus the distance o, S(x,y,z) = P Q,,I) +G..
In Eq. (4), ,1 are the coordinates of the point in the plane z= 0 on the ray through x, y, z, while a-is the distance between these points. Next we define the amplitude A (x,y,z) by
In Eq. (5), J(t,-7 ,a,) = (x,y,z)/d(1,,7,a-) is the jacobian of the transformation, Eq. (3), from the ray coordinates (, q, a-to x, y, z. The ratio of jacobians in Eq. (5) is just the ratio of cross-sectional areas of an infinitesimal tube of rays at the points 0 and a* along a ray. Thus Eq. (5) is just a consequence of conservation of energy in a ray tube. From Eq. (3) we obtain
Here P(o,t,-q) is a quadratic polynomial in a-, given by
P(a,'t,r7)= 2Gqv
Finally, we combine Eqs. (4)- (6) to obtain the field u 0 associated with geometrical optics. We obtain iot (x,y,z) 
This field is asymptotic to the exact field u for ka large, where a is any length characteristic of the aperture field When Ao(xy) and so(x,y) are analytic functions of x and y, they are defined for complex as well as real values of x and y. Then the point i, -on the plane z= 0 can be complex, and the rays Eq. (3) are still defined. In addition, the parameter a-can be complex. Then Eq. (3) defines a complex ray, i.e., a complex straight line, on which x, y, z may be complex. The calculations leading to Eq. (8) still apply and yield the field on a complex ray. If a complex ray passes through the real point x, y, z, the corresponding field must be included in the sum that gives the total field at x, y, z. The outgoing condition requires that only those rays be included on which the imaginary part of the phase initially increases with distance from the plane z=0. This insures that the corresponding fields initially decay with this distance. As a consequence, the fields on complex rays are mainly important in regions where there are no real rays because they yield the total contribution to the field there, and also near the plane z= 0 where they have not decayed much.
In the Appendix, we show that the method of stationary phase also yields the result, Eq. (8), for u 0 and Eq. (3) for the rays.
APPLICATION TO A GAUSSIAN BEAM
To illustrate the use of complex rays, we shall apply the complex ray method to the aperture field
Upon comparing Eq. (9) with Eq. (1) we find that so is given by
Then Eqs. (3), (7), and (8) 
The result, Eq. (13), expresses the field in terms of the parameters 4, ?j, a-, while the complex ray Eqs. (11) give x, y, z in terms of these parameters. Thus Eqs. (11) and (13) determine the field parametrically; this is the result for this problem.
To express uo explicitly in terms of x, y, z we must solve Eqs. (11) for i, a, a-in terms of x, y, z. From the first two Eqs. (11), we obtain
t=x[l+(iala)]-1, -q=y[1+(ia-/a)J-'. (14)
Then the last Eq. (11) As a second example, let us consider the aperture field 'u(x,y,0)=zA0(x,y).
In this case, y==O so Eqs. (3) yield x=4, yin7, z=cr, Eq. (4) yields s=u, and Eq. (7) yields P= 1. Then
Eq. (8) becomes uo (x,y,z) =Aio(xy) eikz.
It is to be noted that Eq. (19) is a modulated plane wave, in contrast with Eq. (17) which is a modulated spherical wave. This difference persists even if Jo is a gaussian and Ao= 1, which shows the importance of the appearance of k in the exponential function in Eq.
(1).
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APPENDIX
The outgoing solution of Eq. (2) 
,P(x ,y')= so (x ,y')+R(x',y') .
The points 4, t at which the phase 4' is stationary are defined by Ads' = 0, Ova = 0. From Eqs. (A2) and (A3) this yields the two equations
The asymptotic contribution to -it from a stationary point is obtained by first expanding the exponent in the integrand in a Taylor series about 4, V and retaining terms through second order. The coefficient of the exponential is evaluated at the stationary point. Thus we obtain from Eq. (Al) ikzAo (t,,rwei+'4t I) 
Next we introduce new rotated coordinates to convert the exponent in the integrand to a sum of squares. Then we treat the double integral as a product of two single integrals, each of which is a Fresnel integral. Upon using the known result for the value of a Fresnel integral, we finally obtain 
